Background-Cardiac
C ardiac involvement is frequent in systemic amyloidosis of immunoglobulin light chain (AL) and transthyretin (TTR) types and is a major determinant of treatment options and prognosis. 1 Cardiac involvement is the cause of death in approximately half of patients with AL amyloidosis, 2 is usually the sole manifestation of wild-type TTR amyloidosis (also known as senile cardiac amyloidosis), and is a major obstacle to therapeutic liver transplantation in many patients with variant TTR amyloidosis, the most common form of hereditary amyloidosis. Accumulation of these various proteins in the insoluble fibrillar amyloid conformation occurs principally in the myocardial interstitium, 3 leading to diastolic dysfunction progressing to restrictive cardiomyopathy. 4 
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The "gold standard" test for diagnosis of cardiac amyloidosis is myocardial biopsy, 5 but this is invasive and problematic. Thus, in practice, the diagnosis of cardiac amyloidosis is usually made by echocardiography, supported by a diagnostic noncardiac biopsy. 2, 6 However, diagnosis by echocardiography has some limitations, 7 particularly if hypertrophy from other causes is present. Other noninvasive techniques also have limitations, 8 such as ECG 9 and scintigraphy with the use of radiolabeled serum amyloid P component (SAP). 10 -12 Cardiovascular magnetic resonance (CMR) has not been evaluated in cardiac amyloidosis. Histologically, cardiac amyloidosis is characterized by interstitial expansion with amyloid protein 13, 14 and associated endomyocardial fibrosis. 15 The late gadolinium enhancement CMR technique shows diagnostic abnormalities in conditions with expanded myocardial interstitial space, such as infarction, 16 hypertrophic cardiomyopathy, 17 and dilated cardiomyopathy. 18 We therefore hypothesized that CMR would show abnormalities in cardiac amyloidosis of diagnostic value. Table. All patients had histological confirmation of amyloidosis by tissue biopsies (cardiac 2, noncardiac 27), with cardiac involvement diagnosed by echocardiographic criteria. 7, 19 All had clinical assessment, ECG, echocardiography, 123 I-labeled SAP scintigraphy, and late gadolinium enhancement CMR. Myocardial gadolinium kinetics was studied in the last 22 amyloid patients and an additional 16 matched hypertensive controls who had no other cardiovascular abnormality from the clinical history and examination or by CMR (Table) . One additional AL patient died suddenly 4 days after CMR only and underwent autopsy. Only patients with a contraindication to CMR were excluded. The ethics committee approved the study, and written, informed consent was obtained.
Amyloid Type
Amyloidosis was diagnosed with Congo red staining and demonstration of red-green birefringence under cross-polarized light. Immunohistochemical stains were performed on tissue sections with the use of commercial antisera against SAP, and immunoglobulin light chains, TTR, lysozyme, apolipoprotein AI, and fibrinogen. 20 In any cases of doubt, additional DNA analysis was performed. DNA was isolated from whole blood, and the genes were amplified and sequenced for TTR, apolipoprotein AI, fibrinogen A ␣ chain, and lysozyme.
Echocardiography
Echocardiography was performed on a GE Vingmed System with the use of standard techniques. 21 The thickness of the left ventricular (LV) wall was determined from the M-mode at the level of the chordae. Pulsed Doppler of transmitral and pulmonary venous flow velocities was performed. At least 3 consecutive beats were measured and averaged for each measurement of the following: peak velocity of early (E) and late (A) filling waves; E/A ratio; and E-wave deceleration time. Cardiac involvement with amyloid was defined by the presence of morphological findings (eg, biatrial enlargement), a mean LV wall thickness Ͼ12 mm (in the absence of potential causes of hypertrophy), 7 and abnormal diastolic function from pulsed Doppler according to standard criteria, 7, 19 with patients allocated into 3 dysfunctional filling pattern groups: slow relaxation, pseudonormal, or restrictive. 19 
SAP Scintigraphy
SAP was labeled with 123 I (100 g SAP bearing 200 MBq) with the use of the N-bromosuccinimide method. 20 Thyroid uptake was blocked by oral potassium iodide for 2 days before and after isotope injection. Whole-body and abdominal imaging was performed after 24 hours (Elscint Super Helix). The extracardiac amyloid load was classified by an experienced observer as zero (no abnormal localization of tracer); small (uptake in at least one organ with normal blood-pool background signal intensity); moderate (abnormal uptake in at least one organ with reduction in the blood-pool background signal); or large (blood-pool background lost completely when the image gray scale was adjusted to encompass the target organ uptake).
Cardiovascular Magnetic Resonance
CMR was performed on a 1.5-T scanner (Siemens Sonata). For volumes, fast imaging with steady state precession (FISP) contiguous short-axis breath-hold cines were acquired from the atrioventricular ring to the apex (slice thickness 7 mm, repetition time/echo time 3.2/1.6 ms; temporal resolution 25 ms; retrospective gating; pixel size 2.4ϫ1.5 mm; flip angle 60°; acquisition time 18 heartbeats). For late gadolinium enhancement imaging, a peripheral bolus injection (0.1 mmol/kg) of gadolinium-DTPA (Schering) was given, and images were acquired after 5 minutes with the use of a segmented inversion recovery sequence (segmentation was 13 to 25 lines, with triggering every 2 to 3 heartbeats). The DTPA is partitioned into the extracellular space, carrying the gadolinium as the contrast agent. In myocardium affected by increased extracellular space, gadolinium has a higher partition coefficient, 22 leading to significant signal enhancement, particularly if normal myocardium is nulled. 23 Late gadolinium enhancement CMR in the first 7 amyloid patients showed the unusual appearance of a dark blood pool and diminishing subendocardial enhancement over time, which suggested abnormal gadolinium-DTPA kinetics. Therefore, we developed a T 1 mapping method for the final 22 patients and compared them with controls. A magnetization prepared segmented FISP cine was developed with a 30-ms increment in inversion time for each frame. This was run every 2 minutes after the gadolinium bolus and was interleaved at each time point with late enhancement imaging. 23 
CMR Analysis
Ventricular volumes, function, and mass were analyzed with the use of semiautomated segmentation software (CMRtools, Cardiovascular Imaging Solutions). For analysis of the myocardial gadolinium kinetics, 2 doughnut-shaped regions of interest were drawn, incorporating the whole subendocardium (inner third of myocardium) and the whole subepicardium (outer third of myocardium) for each frame of the mapping series in a single midventricular slice; blood pool and background were also measured. An iterative computer model was written to obtain the T 1 from the null point of the curve relating the background-subtracted signal intensity and echo time. The model corrected for the influence on the T 1 recovery curve of the repeated time, FISP readout, FISP flip angle, segmentation, repetition time, myocardial T 1 and T 2 , and delays between different components of the sequence.
Statistical Analysis
For the statistical analysis, SPSS software (SPS Inc) was used. All quantitative variables were found to conform to normality with the Kolmogorov-Smirnov test and are therefore presented as meanϮSD. A 2-tailed Student t test was used to compare continuous variables, and the 2 or Fisher exact test was used for categorical variables. A repeated-measures mixed factorial design 3-way ANOVA was used to analyze the change in T 1 , with time after gadolinium bolus injection, subjects, and subject group used as factors. Receiver operating characteristic (ROC) curves were plotted to determine the overall performance of different measurements for predicting cardiac amyloid. A probability value of Ͻ0.05 was considered statistically significant. Data are presented as meanϮSD. 
Baseline Characteristics of Patients and Controls

Results
Patients and Controls
The amyloid patients (nϭ29) and control subjects (nϭ16) were similar for age, gender, weight, and body surface area (Table) . Relative to the normal range for LV mass index from our institution for FISP acquisitions (69Ϯ10 g/m 2 ), both amyloid patients (116Ϯ33 g/m 2 ; PϽ0.001) and hypertensive controls (98Ϯ24 g/m 2 ; PϽ0.001) had significant hypertrophy. The difference in LV mass index between amyloid patients and controls was not significant. The whole body amyloid load estimated by SAP scintigraphy was none/ equivocal in 7 (24%), small in 11 (38%), moderate in 8 (28%), and large in 3 (10%). At the time of the CMR scan, 15 (52%) were in New York Heart Association (NYHA) heart failure class I, 11 (38%) in class II, 2 (7%) in class III, and 1 (3%) in class IV. In the amyloid patients, the end-diastolic volume and stroke volume were small compared with controls, and the atrioventricular descent was reduced, but the ejection fraction was similar. The atrial septal thickness was significantly greater in amyloid patients. Renal function (creatinine clearance) in the amyloid patients was 52Ϯ25 mL/min.
Late Gadolinium Enhancement
Myocardial late gadolinium enhancement was found in 20 patients (69%) and was subendocardial and global in all cases (Figure 1) . No enhancement was found in the controls. The signal elevation from the enhanced regions was 186Ϯ68%. Contrast to noise ratio (CNR) between enhanced and nulled regions was 7Ϯ4. Enhancement was present in all TTR patients (100%) and 64% of AL patients (Pϭ0.20). Comparisons were made between cardiac amyloid patients with or without myocardial enhancement. There was no significant difference in age, gender, or body surface area. In comparison with amyloid patients who showed no enhancement, the patients with myocardial enhancement had increased LV mass index (126Ϯ30 versus 93Ϯ25 g/m 2 ; Pϭ0.0094), increased right ventricular mass index (44Ϯ8 versus 30Ϯ7 g/m 2 ; PϽ0.001), and lower LV ejection fraction (57Ϯ12 versus 67Ϯ7%; Pϭ0.029). Of the patients with enhancement, 8 had impaired LV systolic function, in comparison with 0 patients with systolic dysfunction from the 9 patients without subendocardial enhancement (Pϭ0.029). There were no significant differences between these groups in other hemodynamic parameters, diastolic function, NYHA class, or total body amyloid load.
Gadolinium Kinetics in Blood and Myocardium
Two minutes after injection, the blood T 1 was similar between amyloid patients and controls (287Ϯ60 versus 274Ϯ55 ms; Pϭ0.51), but blood gadolinium clearance was significantly faster in amyloid patients, resulting in a higher blood T 1 over time (Figure 2A; PϽ0.001) . Conversely, in the amyloid patients, the T 1 of subendocardium (367Ϯ61 versus 482Ϯ69 ms; PϽ0.001) and subepicardium (383Ϯ60 versus 492Ϯ69 Figure 1 . CMR in a patient with systemic AL amyloidosis. Top row shows diastolic frames from cines (vertical long axis, horizontal long axis, and short axis, respectively) showing a thickened LV and pleural effusions (Pl eff) and pericardial effusions (Pc eff) associated with heart failure. Bottom row shows late gadolinium enhancement images in the same planes. The CMR sequence forces myocardium remote from the pathology to be nulled (black) such that the abnormal region is enhanced. In cardiac amyloidosis, however, the region of greatest abnormality is enhanced as the entire myocardium is affected with amyloid infiltration, and the result is diffuse global subendocardial enhancement (straight arrows). The endocardium of the right ventricle (RV) is also heavily loaded with amyloid, and therefore the septum in the horizontal long axis view shows biventricular subendocardial enhancement with a dark midwall (zebra appearance; dotted arrows). The right ventricular free wall is also enhanced (curved arrow). Note that the blood pool is dark, which does not occur in other reported conditions, indicating abnormal gadolinium handling in these patients. LA indicates left atrium; RA, right atrium.
ms; PϽ0.001) was significantly lower at baseline compared with controls ( Figure 2B, 2C) . These opposing effects resulted in the difference in T 1 between blood and myocardium being markedly diminished in the amyloid group (Figure 3) . The T 1 of subendocardium in amyloid patients was significantly lower than subepicardium for 8 minutes after gadolinium injection, but after this no difference was seen ( Figure  4A ). This transmural difference was not present in the controls ( Figure 4B ). Subendocardial T 1 over time was significantly lower in amyloid patients with late gadolinium enhancement than in those without enhancement (Pϭ0.004), but for the subepicardium (Pϭ0.22) and blood (Pϭ0.18), this difference was not significant. A, Blood T 1 is initially the same in patients with amyloidosis and controls, but faster gadolinium washout leads to a significantly higher T 1 in the amyloid patients. Subendocardial T 1 (B) and subepicardial T 1 (C) are initially significantly lower in the amyloidosis group than in controls, but this difference diminishes over time to near equivalence by 14 minutes. 
Gadolinium Kinetics and Total Body Amyloid Load
The relation between blood gadolinium clearance, renal function, and total body amyloid load (as defined by SAP scintigraphy) was explored. Neither blood (rϭϪ0.12, Pϭ0.62) nor myocardial (rϭϪ0.15, Pϭ0.53) gadolinium clearance correlated with total body amyloid. Gadolinium clearance from the blood was faster in patients with impaired creatinine clearance (rϭϪ0.50, Pϭ0.028), but there was no relation between creatinine clearance and total body amyloid load (rϭϪ0.05, Pϭ0.80).
Myocardial T 1 and Diagnosis of Cardiac Amyloid
ROC analysis ( Figure 5) showed that a subendocardial T 1 cutoff value of 535 ms at 4 minutes yielded an 81% accuracy for identifying cardiac amyloid (area under the curve [AUC]ϭ0.909, PϽ0.001). This was surpassed, however, by the difference in T 1 between subendocardium and blood, which at a cutoff value of 191 ms at 4 minutes yielded an 88% accuracy (AUCϭ0.952, PϽ0.001). The accuracy of identification of cardiac amyloid was increased by combining the results from T 1 analysis and late gadolinium enhancement as diagnostic parameters, with 87% concordance for diagnosis using subendocardial T 1 and 97% concordance using the subendocardial-blood T 1 difference. Myocardial T 1 at 4 minutes was correlated with morphological markers of increased cardiac amyloid load, including LV mass index (subendocardial T 1 rϭϪ0. 51 
Myocardial T 1 and Cardiac Function
002).
There was no significant correlation between myocardial T 1 and ejection fraction, but there was a significant correlation between the subendocardial-blood T 1 difference and ejection fraction, but only at 2 minutes (Pϭ0.038). There was a correlation between subendocardial T 1 and diastolic function at 6 minutes (rϭϪ0.42, Pϭ0.025), but the relation was stronger with the subendocardial-blood T 1 difference from 2 to 10 minutes after gadolinium (rϭ0.44 to 0.63, Pϭ0.02 to Ͻ0.001). Myocardial T 1 was higher in the TTR than the AL group over time (subendocardium, Pϭ0.046; subepicardium, Pϭ0.040), but no other variable showed between group differences.
Autopsy Correlation
Autopsy from a patient with AL amyloidosis showed increased heart mass (705 g), increased LV thickness (20 mm), firm texture, ruddy coloration, and pale subendocardial areas. Congo red staining revealed interstitial nodular amyloid deposits, a fine perimysial network, and deposition in intramural coronary vessel walls without obstruction ( Figure 6 ). Histological quantification showed substantial amyloid deposition (30.5% overall) with subendocardial predominance (42.4% versus midwall 29.2% versus subepicardium 17.6%) and little fibrosis (1.3% overall). The right ventricular subendocardium of the interventricular septum showed 47% amyloid deposition, and this was visualized as right ventric- 
Discussion
In this study, CMR showed a characteristic pattern of abnormal myocardial and blood-pool gadolinium kinetics coupled with global subendocardial late enhancement in cardiac amyloidosis. The currently approved gadolinium chelates are all distributed in the extracellular space, and the enhancement depends on the time after injection and the CMR technique. During the first pass, myocardial perfusion is imaged with the use of multislice imaging with saturation recovery; early imaging with the use of inversion recovery is performed at 1 to 2 minutes to detect microvascular obstruction in acute myocardial infarction; and late imaging with inversion recovery is performed after at least 5 minutes to identify myocardial infarction and other causes of interstitial expansion. Late gadolinium enhancement occurs in areas of expanded extracellular space due to higher regional gadolinium concentration and slower distribution kinetics than in normal myocardium. 22, 24 In chronic myocardial infarction 25 and hypertrophic cardiomyopathy, 26 the increased extracellular space results from fibrosis, and the same is probably true for dilated cardiomyopathy. 18 In other cardiomyopathies (Anderson-Fabry disease 27 and glycogen storage disease 28 ), it is unclear whether the late gadolinium enhancement results from interstitial infiltration with the accumulated product from inherited deficient enzymatic pathways because histological confirmation is not yet available. Amyloidosis causes accumulation of an abnormal interstitial protein, 13, 14 and we have demonstrated that this results in late gadolinium enhancement with a dominant subendocardial distribution that matches the transmural distribution of amyloid protein. The amount and transmural variation of amyloid protein (subendocardium 42.4%, subepicardium 17.6%) shows that this is the cause of the enhancement rather than the rather minor diffuse fibrosis (1.3%). This represents the first confirmation that nonfibrotic interstitial expansion can cause late gadolinium enhancement. The enhancement pattern in this study was subendocardial, diffuse, and global, which is different from that in infarction 16 and other cardiomyopathies 27, 28 and the important differential diagnoses of hypertrophic cardiomyopathy 17 and hypertension (usually no significant enhancement).
Myocardium affected by amyloid had substantially lower T 1 at 4 minutes than controls. This appears to result from the myocardial amyloid deposition and is likely to represent a direct marker of the cardiac amyloid load. This is supported by the correlation between myocardial T 1 and morphological measures of amyloid load such as LV mass. The gadolinium washout from blood and myocardium was faster than normal, probably because of gadolinium distribution into the total body amyloid load. The correlations of blood and myocardial gadolinium clearance to total amyloid load were not significant, however, which probably reflects the difficulties of assessing amyloid load with the use of SAP scintigraphy. Supportive of this concept was the significant relation between increased blood gadolinium clearance and impaired creatinine clearance; an interpretation of this finding is that the impaired renal function reflects an increased amyloid load. This is because impaired blood clearance of gadolinium-DTPA, as a small molecule, would not be expected until renal function was substantially impaired. The altered gadolinium kinetics was useful for diagnosis, with combined assessment of myocardial T 1 and global subendocardial late gadolinium enhancement yielding 87% diagnostic accuracy; this improved to 97% when the difference in T 1 between subendocardium and blood was used. Although other conditions could cause global subendocardial enhancement (such as endomyocardial fibrosis), distinguishing such conditions is readily accomplished clinically and by using the myocardial T 1 as a discriminating parameter.
The late gadolinium enhancement CMR was technically challenging. The dark blood pool resulted from similar myocardium and blood T 1 values because of high myocardial uptake and fast blood washout. The inversion time was shorter than normal and lengthened in larger incremental steps. The enhancement faded with equalization of T 1 between subendocardium and subepicardium at 8 minutes, and therefore imaging must be performed earlier than usual and completed quickly. The relative enhancement of the subendocardium was lower than previously reported; the percent signal elevation from enhanced myocardium in the amyloid patients was 186Ϯ68%, which is lower than in infarction (530Ϯ195%) 29 and hypertrophic cardiomyopathy (430Ϯ225%). 17 CNR was also lower between enhanced and nulled regions (7Ϯ4) than in infarction (19Ϯ3) 23 and hypertrophic cardiomyopathy (11.5Ϯ5.5). 17 This may result from a gradation in the density of the interstitial expansion, which is maximal in infarction in dense scar. In the autopsied heart, the amyloid was distributed with subendocardial predominance. This explains the subendocardial enhancement because myocardial nulling forces the subepicardium with relatively lower gadolinium uptake to appear darker, and it also explains the diffuse low enhancement because the increment in interstitial expansion between subendocardium and subepicardium is quite low compared with that between normal and infarcted myocardium.
Gadolinium CMR techniques may be used to assess and monitor the myocardial amyloid burden because no validated direct method exists, with poor correlation between echocardiography-derived burden, cardiac function, and prognosis. 15 CMR may also be used to assess the response to novel drugs in amyloidosis 30 and to elucidate paradoxical observations such as improved symptoms without reduction of LV wall thickness after chemotherapy and accelerated cardiomyopathy after orthotopic liver transplantation. 31 Sequential myocardial T 1 may be valuable for this because it directly reflects protein deposition as the primary pathological process.
Comparison With Other Techniques
The gold standard for diagnosis of cardiac amyloid is considered to be cardiac biopsy, although clinically significant amyloid can be missed with small biopsies because of heterogeneous deposition, and incidental wild-type TTR amyloid deposits occur in elderly patients. 32 ECG abnormality is a clue to cardiac disease, 33 but echocardiography is usually considered the technique of choice. 34 Antimyosin scintigraphy has high reported sensitivity for diagnosis of cardiac amyloid but modest specificity. 35 B-type natriuretic peptide 36 and cardiac troponins 37 may be elevated, but this occurs in many cardiac disorders, and the relative accuracy compared with echocardiography is unknown.
Study Limitations
Patient numbers were relatively small in this prospective study. The measurement technique for T 1 includes assumptions about the relaxivity of gadolinium-DTPA being the same in blood and myocardium. The diagnosis of cardiac amyloidosis did not routinely include endocardial biopsy, as is standard clinical practice in the UK National Amyloid Center. The total body amyloid loading in our patients by SAP scintigraphy was relatively low. However, SAP scintigraphy is typically equivocal or negative in patients with acquired or hereditary TTR amyloidosis, as it is in a modest proportion of patients with AL amyloid. A negative SAP scan does not exclude scattered amyloid deposits throughout the body or significant amyloid in certain organs (notably gut and peripheral nerves), but it excludes significant amyloid in certain viscera (notably liver, spleen, kidneys, bones). There is no correlation between the degree of cardiac involvement on echocardiography and whole body load at SAP scintigraphy. 38 We found no other significant correlations with total body amyloid load, and this reflects the limitations of this technique combined with study sample size. It might be possible to assess total body amyloid load from the blood gadolinium clearance, but this would vary with renal function, total body extracellular space, and cardiac output, all of which may be affected by amyloidosis, and we failed to identify significant relations with SAP scintigraphy. Our data do not compare the diagnostic value of CMR with echocardiography or other techniques, for which further comparative work is required. Likewise, any potential clinical role of these CMR techniques in populations with a lower prevalence of disease (patients with possible amyloidosis) is undefined. The reasons for only 64% of amyloid patients showing subendocardial enhancement may involve low cardiac amyloid burden relative to the sensitivity of late gadolinium enhancement CMR.
Conclusions
In cardiac amyloidosis, CMR shows high myocardial gadolinium concentrations early after injection, and global subendocardial late gadolinium enhancement is common. These findings have diagnostic value in this rare condition and may prove useful in the quantitative evaluation of the change in myocardial amyloid burden with new treatments.
